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SAFETY AND EFFICACY OF RECOMBINANT HUMAN a -GALACTOSIDASE A REPLACEMENT THERAPY IN FABRY'S DISEASE
Methods We evaluated the safety and effectiveness of recombinant a -galactosidase A in a multicenter, randomized, placebo-controlled, double-blind study of 58 patients who were treated every 2 weeks for 20 weeks. Thereafter, all patients received recombinant a -galactosidase A in an open-label extension study. The primary efficacy end point was the percentage of patients in whom renal microvascular endothelial deposits of globotriaosylceramide were cleared (reduced to normal or near-normal levels). We also evaluated the histologic clearance of microvascular endothelial deposits of globotriaosylceramide in the endomyocardium and skin, as well as changes in the level of pain and the quality of life.
Results
In the double-blind study, 20 of the 29 patients in the recombinant a -galactosidase A group (69 percent) had no microvascular endothelial deposits of globotriaosylceramide after 20 weeks, as compared with none of the 29 patients in the placebo group (P<0.001). Patients in the recombinant a -galactosidase A group also had decreased microvascular endothelial deposits of globotriaosylceramide in the skin (P<0.001) and heart (P<0.001). Plasma levels of globotriaosylceramide were directly correlated with clearance of the microvascular deposits. After six months of open-label therapy, all patients in the former placebo group and 98 percent of patients in the former recombinant a -galactosidase A group who had biopsies had clearance of microvascular endothelial deposits of globotriaosylceramide. Mild-to-moderate infusion reactions (i.e., rigors and fever) were more common in the recombinant a -galactosidase A group than in the placebo group.
Conclusions
Recombinant a -galactosidase A replacement therapy cleared microvascular endothelial deposits of globotriaosylceramide from the kidneys, heart, and skin in patients with Fabry's disease, reversing the pathogenesis of the chief clinical manifestations of this disease. (N Engl J Med 2001; 345:9-16.) Copyright ABRY'S disease is an X-linked inborn error of glycosphingolipid catabolism due to deficient lysosomal a -galactosidase A activity. 1 In patients with the classic form of the disease, progressive accumulation of globotriaosylceramide and related glycosphingolipids in vascular endothelial lysosomes of the kidneys, heart, skin, and brain leads to the main disease manifestations. The clinical onset is in childhood and is characterized by severe acroparesthesias, angiokeratoma, corneal and lenticular opacities, and hypohidrosis. Over time, microvascular disease of the kidneys, heart, and brain progresses, leading to early death. 1 Treatment is limited to symptomatic management of pain and the end-stage complications of renal failure, cardiac disease, and strokes.
Early trials demonstrated the feasibility of enzyme replacement to correct the metabolic defect in Fabry's disease. [2] [3] [4] A phase 1 trial demonstrated reductions of globotriaosylceramide in the liver and in urinary sediment with a single dose of recombinant a -galactosidase A. 5 A phase 1 and 2 open-label dose-escalation study of replacement therapy with recombinant a -galactosidase A in 15 male patients with classic Fabry's disease demonstrated that repeated administration (a total of five infusions) was safe and effective in clearing plasma globotriaosylceramide and microvascular endothelial deposits of globotriaosylceramide from target tissues. 6 Plasma and tissue clearance of globotriaosylceramide was observed for all dose regimens, and the effect was most pronounced at higher doses. Therefore, we evaluated the safety and efficacy of recombinant a -galactosidase A replacement therapy in Fabry's disease in a multicenter, randomized, doubleblind, placebo-controlled trial and subsequent openlabel study.
Evaluations including a medical history taking, routine chemical analyses, and hematologic indexes were obtained and a physical examination was performed at base line and before each infusion. Echocardiograms were obtained and plasma and 24-hour urinary sediments were collected at base line, after week 20 of the doubleblind study, and after six months of open-label treatment. Glomerular filtration rates were measured in terms of inulin clearance at base line and after six months of the extension study. Concentrations of globotriaosylceramide in plasma, tissue, and urinary sediment 8 were determined by a quantitative enzyme-linked immunosorbent assay (ELISA). 9 Before each infusion, the presence or absence of antibody against recombinant a -galactosidase A was assessed by ELISA, and the results were confirmed by a radioimmunoprecipitation assay. 10 
Study Protocol
Enrollment in the double-blind study began on March 22, 1999, and ended on December 3, 1999 . The open-label study began on October 26, 1999. Patients were randomly assigned to receive recombinant a -galactosidase A (agalsidase beta; Fabrazyme, Genzyme, Cambridge, Mass.) at a dose of 1 mg per kilogram of body weight or placebo (phosphate-buffered mannitol). Both agents were administered intravenously at a rate of 0.25 mg per minute every other week for 20 weeks (for a total of 11 infusions). Before each infusion patients were pretreated with 1000 mg of acetaminophen and 25 to 50 mg of hydroxyzine. Ibuprofen, prednisone, or both were also used in a few patients for infusion-related reactions. After the double-blind trial, all patients received recombinant a -galactosidase A in an open-label fashion at a dose of 1 mg per kilogram every other week, but the infusion rates were increased as tolerated, reducing the length of the infusion. The institutional review boards at all sites approved the double-blind and open-label protocols, and all patients gave written informed consent.
Tissue Assessments
Kidney specimens were obtained by ultrasound-guided biopsy, heart specimens were obtained through an endomyocardial catheter with the use of a bioptome, and 3-mm skin specimens were obtained by punch biopsy at base line, after infusion 11 (week 20), and after six months of the open-label study. Tissue sections (1 µm) were stained with methylene blue-azure II. Each of the three types of biopsy specimen was assessed for microvascular endothelial deposits of globotriaosylceramide by a different group of three pathologists. None of the nine pathologists were aware of the patients' treatment assignments or the times at which the specimens were obtained.
Specimens with no microvascular endothelial deposits of globotriaosylceramide or only trace amounts (normal or nearly normal) were given a score of 0; specimens in which the majority of vessels had evidence of a single endothelial inclusion were given a score of 1; specimens that contained multiple vessels with multiple sites of single or multiple inclusions were given a score of 2; and specimens that had large accumulations of inclusions with some clusters at the juxtanuclear region and around cytoplasmic borders and bulging of the vessel lumens were given a score of 3. Renal-biopsy specimens that were initially given a score of 0 or 1 were reevaluated by the three renal pathologists with the use of a slightly modified scoring system. In this system, specimens with no inclusions were given a score of 0; those with one small granule (approximately 0.2 µm) were designated as having trace evidence; those with multiple discrete granules were given a score of 1; those with single or multiple aggregates of granules were given a score of 2; and those with aggregates of granules within the endothelium that caused the distortion of the luminal endothelial cell surface were given a score of 3.
Evaluation of Efficacy
An average of 233 capillaries in each renal-biopsy specimen were assessed by each renal pathologist. The primary efficacy end point of the double-blind study required more than 50 percent of the renal interstitial capillaries in each specimen to have a score of 0, less than 5 percent to have a score of 1 or greater, and the remainder to be designated as having trace evidence of microvascular endothelial deposits of globotriaosylceramide after week 20. For each biopsy specimen, a majority score was determined from the three pathologists' scores.
Secondary end points were also assessed at base line and after the week-20 infusion and consisted of the composite score for microvascular endothelial deposits of globotriaosylceramide in the heart, kidney, and skin specimens (scores were calculated per organ and summed for all organs) and the change from base line in the concentrations of globotriaosylceramide in urinary sediment and kidney specimens and the level of pain, as assessed by the short form of the McGill Pain Questionnaire. 11 Scores on this questionnaire can range from 0 to 45, with higher scores indicating severe pain intensity.
Statistical Analysis
We used chi-square tests to analyze the proportion of patients in the recombinant a -galactosidase A group and the placebo group with a renal-biopsy score of 0 after week 20 of the double-blind study and after six months of the open-label study. We used twosample, two-tailed tests for all analyses. A P value of 0.05 or less was considered to indicate statistical significance. Changes in the concentrations of globotriaosylceramide in urinary sediment and kidney specimens on ELISA were ranked individually, and the rank-sum score for each patient was obtained. We used a two-sample Wilcoxon rank-sum test to assess the change from base line to the end of the double-blind study (after week 20). We used t-tests to compare the mean change in the level of pain from base line to the end of the double-blind study (after week 20) for each treatment group. The Genzyme Biostatistics group held the data and analyzed the data, with the help of consulting academic biostatisticians.
We used the 36-item Medical Outcomes Study Short-Form General Health Survey (SF-36) 12 to evaluate the patients' quality of life. This multi-item scale measures eight health-related aspects: physical function, social function, physical role, emotional role, mental health, energy, pain, and general health perception. Scores on each aspect can range from 0 (worst) to 100 (best). The results were evaluated according to established guidelines, 12 and we used a Wilcoxon signed-rank test to compare the mean change in scores from base line in each group. We used an analysis of variance to compare the differences between groups in the changes in the mean glomerular filtration rate from base line to six months of the open-label study.
RESULTS

Characteristics of the Patients
The base-line characteristics of the 58 patients assigned to the two treatment groups were similar (Table 1). group (69 percent), as compared with none of the 29 patients in the placebo group (P<0.001; odds ratio, 0.0). Eight of the remaining nine patients in the recombinant a -galactosidase A group had a score of 1 (the scores of six of these patients had improved, and the scores of two had not changed). The ninth patient had a missing biopsy specimen and so was assigned a score of 3. An analysis of sensitivity, in which a maximum of 1 percent of the capillaries could be given a score of 1 or greater, as opposed to the original requirement of less than or equal to 5 percent, did not change the outcome (P<0.005). These results for the three renal pathologists were uniform.
Secondary End Points
The individual scores for the kidney-, heart-, and skin-biopsy specimens as well as the composite scores for all three types of specimens were compared at base line and after the week-20 infusion (Table 2) . Although both groups had similar base-line scores for each type of specimen (P=0.53), the patients in the recombinant a -galactosidase A group had significantly lower scores for each type of specimen after the week-20 infusion than did the patients in the placebo group (P<0.001 for all three comparisons). In addition, the median percent changes in the kidney and urinary concentrations of globotriaosylceramide differed between the patients in the recombinant a -galactosidase A group and the patients in the placebo group (23.3 percent decrease vs. 42.8 percent increase and 34.1 percent decrease vs. 6.2 percent decrease, respectively). The rank-sum scores for kidney and urinarysediment concentrations of globotriaosylceramide had decreased significantly in the recombinant a -galactosidase A group, but not in the placebo group (median change, 32.5 percent decrease vs. 48.0 percent decrease; P=0.003).
Although both groups had low scores on all five scales of the short form of the McGill Pain Questionnaire at base line, statistically significant decreases in the scores were observed at week 20 in both treatment groups (Fig. 1) . There was no significant difference between groups after week 20 in any pain assessment (P>0.05 for all comparisons), possibly because of a placebo effect. Figure 2 shows clearance of globotriaosylceramide from plasma by week 14 of treatment with recombinant a -galactosidase A; in contrast, the plasma concentrations in the placebo group did not change significantly during the double-blind study (P<0.001 for the comparison between the groups). Plasma concentrations of globotriaosylceramide were undetectable (<1.2 ng per microliter) after week 20 in all 20 patients who had no microvascular endothelial deposits of globotriaosylceramide in renal-biopsy specimens after week 20 of treatment. Five of eight patients in the recombinant a -galactosidase A group who had a renal score of 1 after week 20 had undetectable plasma concentrations of globotriaosylceramide after week 20, and three had concentrations ranging from 12 to 94 percent (mean, 35.3 percent) of their base line values. The patient who had been assigned a score of 3 because of a missing biopsy specimen at week 20 had a plasma globotriaosylceramide concentration of 3.9 ng per microliter.
Clearance of Globotriaosylceramide in Plasma
Quality of Life
Patients in the recombinant a -galactosidase A group had significant improvements in two components of the SF-36 (physical role and emotional role), whereas patients in the placebo group had significant improvements in the physical role and body-pain components of the SF-36.
Open-Label Extension Study
All 58 patients enrolled in the open-label study. After six months of treatment with recombinant a -galactosidase A, 98 percent of patients in whom a biopsy was performed at this time (42 of 43) had a score of 0 on histologic analysis of microvascular endothelial deposits of globotriaosylceramide in kidney specimens, 96 percent (45 of 47) had such results for skin specimens, and 75 percent (24 of 32) had such results for heart specimens ( Table 3) . The results were similar when the analysis included only the patients who crossed over from placebo to recombinant a -galactosidase A: 100 percent, 96 percent, and 67 percent, respectively. In 95 percent of the patients who had had a biopsy during the open-label study and who received sessments in either group were observed after week 20 of the double-blind study or after six months of the open-label study. The infusions were generally well tolerated. Rigors and fever were the only treatmentrelated adverse events that occurred significantly more frequently in the recombinant a-galactosidase A group than in the placebo group during the double-blind study (P=0.004) ( Table 4) . Although not considered to be related to recombinant a-galactosidase A therapy, skeletal pain was the only other adverse event that occurred more frequently among enzyme-treated patients during the double-blind study (P=0.02). Transient mild-to-moderate infusion-associated reactions occurred in 59 percent of patients (34 of 58) during double-blind or open-label treatment. Reducing the infusion rate, administering preventive medications, or both measures controlled these reactions. A single patient had a positive skin test to recombinant a-galactosidase A after his eighth infusion during the openlabel study, and treatment was discontinued. IgG seroconversion occurred in 51 of the 58 patients who received recombinant a-galactosidase A (88 percent) during the study. Seroconversion did not affect the primary or secondary efficacy end points. For example, the distribution of the scores for renal specimens (0 vs. not 0) did not differ significantly between patients who did seroconvert and those who did not. In addition, 8 of 29 patients in the original recombinant a-galactosidase A group who had renal scores of 1 after week 20 had a reduction in their scores to 0 during the open-label study. IgG titers had decreased in 15 of 26 patients in the recombinant a-galactosidase A group (58 percent) who seroconverted during the double-blind study when the titers were assessed after 12 months of treatment. In addition, one IgG-positive patient with a low titer became seronegative during this period. These observations serve to reduce concern about potential reactions associated with seroconversion.
DISCUSSION
During the past decade the safety and effectiveness of enzyme-replacement therapy have been demonstrated in patients with type 1 Gaucher's disease. 13, 14 In patients with this lysosomal storage disease, the infusion of human placental or recombinant acid b-glucosidase metabolized the accumulated substrate, reversed the disease-related abnormalities, and markedly improved the quality of life. 13, 14 We report the results of a randomized, double-blind, placebo-controlled trial and the first six months of an open-label extension study that demonstrate the safety and effectiveness of enzyme replacement in a second lysosomal disorder, Fabry's disease.
In patients with classic Fabry's disease, the chief debilitating manifestations result primarily from the progressive accumulation of microvascular endothelial deposits of globotriaosylceramide, leading to ischemia and infarction, particularly in the kidneys, heart, and brain. 1 In contrast, patients with the cardiac variant of the disease have residual a-galactosidase A activity (<10 percent of normal levels) and do not have vascular endothelial accumulation of glycosphingolipid. 1, 15, 16 In these patients, left ventricular hypertrophy and mild proteinuria typically develop late in life, the life span is normal, and the classic manifestations of the disease, including angiokeratoma, acroparesthesias, hypohidrosis, and renal failure, are absent. 1 Thus, the reversal of the underlying vascular endothelial abnormalities in patients with classic Fabry's disease should be therapeutic.
We found that 11 infusions of recombinant a-galactosidase A at a dose of 1 mg per kilogram over a 20-week period safely and effectively cleared the abnormalities in the capillary endothelium of the kidneys, heart, and skin of patients with classic Fabry's disease. The primary efficacy end point of our study directly addressed a fundamental cause of the most common and devastating feature of classic Fabry's disease: renal failure. After 20 weeks of treatment, complete or almost complete clearance of the accumulated renal microvascular endothelial deposits of globotriaosylceramide was achieved in 69 percent of the patients in the recombinant a-galactosidase A group, as compared with none of the patients in the placebo group (P< 0.001). In addition, the concentration of globotriaosylceramide was significantly reduced in the urinary sediment of patients in the recombinant a-galactosidase A group, providing indirect evidence of the clearance of glycosphingolipids in renal tubules. Similar results were achieved with respect to the clearance of microvascular endothelial deposits of globotriaosylceramide from the heart (P<0.001) and skin (P<0.001).
The open-label extension study confirmed the results of the double-blind study and demonstrated that clearance was maintained or that microvascular endothelial deposits of globotriaosylceramide were further reduced in all three types of specimens assessed in patients who were treated with recombinant a-galactosidase A for about one year. Notably, the percentage of patients with clearance of the microvascular endothelial deposits of globotriaosylceramide in the endomyocardium increased from 67 percent after 20 weeks to 82 percent after 6 months of open-label treatment, indicating that the clearance of globotriaosylceramide may be tissue specific, depending on the dose and duration of treatment, the level of enzyme uptake, and the degree of substrate accumulation. Taken together, the results of the double-blind and openlabel studies confirm that recombinant a-galactosidase A replacement therapy cleared the accumulated microvascular endothelial deposits of globotriaosylceramide and reversed the chief underlying abnormality in Fabry's disease. On the basis of the results of the preclinical, 17 phase 1 and 2 dose-escalation, 6 and double-blind studies, the plasma globotriaosylceramide level may be correlated with the accumulation of this glycosphingolipid in tissue and may provide a noninvasive indicator of systemic substrate clearance, analogous to serum glucose levels in patients with diabetes.
Most patients with the classic form of the disease have episodic acroparesthesias that are debilitating and markedly impair their quality of life. Patients in a phase 1 and 2 open-label study reported decreased severity of pain related to Fabry's disease. 6 In our doubleblind study, the severity of pain and the quality of life, as assessed by standardized instruments, were significantly improved in both groups, making it impossible to differentiate treatment-related effects from a placebo effect. For ethical reasons, patients who had been dependent on prophylactic drugs, analgesics, or both for years continued to take such medications during the study, a factor that may have minimized baseline scores and subsequent differences between groups. Studies are needed to determine the long-term effects of treatment with recombinant a-galactosidase A, perhaps with the use of instruments specifically designed to assess pain related to Fabry's disease and quality-oflife issues. In general, the infusions were well tolerated, and all 58 patients completed the double-blind trial and entered the open-label study. The possibility of infusionrelated reactions was anticipated, since patients with classic Fabry's disease have no detectable a-galactosidase A activity, protein, or both. 1 Therefore, we purposely kept the infusion rates slow to maintain blinding, and we administered prophylactic medications to all patients to minimize any infusion-related reactions. During the open-label study, we increased the infusion rates, and in the case of many patients, the infusion lasted two hours. In 88 percent of patients, IgG antibodies against recombinant a-galactosidase A developed; however, seroconversion did not affect primary or secondary efficacy results, nor did the antibodies have a neutralizing effect, as occurs in patients with hemophilia A in whom inhibitors develop. 18, 19 After approximately one year of treatment with recombinant a-galactosidase A, IgG titers had decreased in 58 percent of patients with seroconversion and became undetectable in one patient. On the basis of previous experience with long-term enzyme-replacement therapy, 10, 20 such findings suggest that immunologic tolerance may develop in these patients.
In conclusion, we found that a dose of 1 mg of recombinant a-galactosidase A per kilogram every other week for about six months to one year safely and effectively reversed the accumulation of microvascular endothelial deposits of globotriaosylceramide in the kidneys, heart, and skin. Continued treatment may be required to reduce the deposition of glycosphingolipids in other types of cells, to which less enzyme is delivered, 17 particularly renal tubular epithelial cells, podocytes, and cardiomyocytes. Further experience will determine effective regimens for initial reversal and subsequent control of the accumulated glycosphingolipids in the capillary endothelium and other types of cells. 
APPENDIX
